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INTRODUCTION
Numerous examples can be cited of the way in which bacterial and fungal diseases of crustaceans have been spread by commercial movements and transfers of the hosts. Rather than producing a list of the large number of cases, this review will discuss in detail a single major example of a bacterial disease and one of a fungal disease. Both diseases are 'classic' diseases of their type, and good evidence exists of the way in which these infections have been spread by commercial movements. The bacterial disease is gaffkaemia of lobsters and the fungal disease is crayfish plague.
BACTERIAL DISEASES: GAFFKAEMIA
Gaffkaemia is a bacterial disease considered primarily to be of North American origin, which is endemic in stocks of Homarus americanus in American waters. However, outbreaks of infection in H. gammarus have occurred regularly in European waters in recent years. Many of these outbreaks have been associated with the holding of imported stocks of H. americanus in the same facilities. Such imports started with the development of trans-Atlantic jet aircraft, which made the transport of such valuable, perishable cargoes economic and practical. The ability to import lobsters in this way has resulted in the retail market of the United Kingdom being supplied largely with American lobsters, while the higher-value European lobsters are exported to the rest of Europe.
Animal-to-animal transmission of the pathogen Aerococcus viridans var. homari occurs only when lobsters are damaged in some way, the wound providing a suitable route of entry. However, crustaceans held in intensive holding tanks do, all too often, have small lesions which can provide such an entry, even when their claws are banded to control the results of aggression, rather than pegged, which causes more damage. The cohabitation of local and imported animals, therefore, always presents a significant risk of infection.
One specific case of the spread of gaffkaemia is representative of the effects of the commercial movement of infected lobsters. During a visit to a lobster-holding site in northern Wales in 1978, the manager reported that a rapid mortality of the lobster stock had started some twenty-four hours previously. Microscopic examination of a haemolymph sample from moribund lobsters showed the presence of characteristic bacterial tetrads in large numbers and thus provided a presumptive diagnosis of gaffkaemia, subsequently confirmed by isolation of A. viridans from the animals. The immediate problem was contained by freezing the entire lobster stock on site, followed by full disinfection. Further enquiry revealed that the mortality had begun some days after the introduction of a stock of European lobsters from Ireland, and there was evidence that this imported stock had been in contact with imported American lobsters. However, it was not possible to confirm that suspicion. Moreover, immediately before the north Wales mortality had become apparent, lobsters from the Welsh site had been exported to a wholesale site in the Netherlands. In due course, a further gaffkaemia mortality occurred on the Netherlands site, affecting not only the lobsters from north Wales, but also all other lobsters in that holding facility. The suggested transfer of gaffkaemia infection from one site to another by the commercial trade in lobsters is illustrated in Figure 1 .
Since gaffkaemia is principally a disease of lobsters, and A. viridans does not readily infect other decapods, such as crabs, appropriate disinfection of sites that hold European lobsters will normally prevent the establishment of infection in nearby waters. However, other decapods can be infected (48) , but for such animals, A. viridans is not rapidly lethal. Therefore, there is clearly a potential risk of creating a reservoir of infection in local crustacean stocks in the immediate vicinity of lobster-holding sites, particularly if those sites regularly hold both imported and local stocks. In addition, A. viridans can be isolated from the mud of infected holding ponds (15) . Despite the regular imports of American lobsters which have taken place over many years, it is still generally believed that, in the waters of the United Kingdom, gaffkaemia has not yet become established as endemic. However, some reviews now suggest that this is no longer the case (47).
FUNGAL DISEASES: CRAYFISH PLAGUE
Crayfish plague (krebspest, la peste) is undoubtedly one of the best-known, if not the best-known, diseases of invertebrates. The accumulated literature of the disease is now very extensive; stretching back over 130 years to what is believed to be the first record of its occurrence in Europe, in northern Italy in 1865. Affecting only the
FIG. 1
An example of a commercial movement of gaffkaemia freshwater crayfish, and leaving all other aquatic species unaffected, crayfish plague has impressed observers and investigators throughout its history, by its extreme virulence for European crayfish, the largest freshwater invertebrate of the European continent.
Crayfish plague is a mycosis, and the aetiologic agent is an oomycete, Aphanomyces astaci Schikora. Although in nature it is known only as an obligate pathogen of the freshwater crayfish, A. astaci can readily be grown in laboratory culture. Unestam demonstrated that the fungus is clearly of North American origin, and that all freshwater crayfish that have been challenged, other than those of North American origin, are highly susceptible to infection with a lethal outcome (52, 53, 54) . The virulence of A. astaci to European crayfish is a classic example of the introduction of a disease-causing agent to a new area, resulting in the exposure of naïve populations of crayfish to an aggressive pathogen (55).
History of the spread of crayfish plague in Europe
As Unestam demonstrated, the marked resistance of North American crayfish species to A. astaci, and the susceptibility of non-North American species, strongly suggest that A. astaci is a North American organism (52, 53, 54) . A. astaci and North American crayfish appear to have a reasonably balanced host-pathogen relationship in which drastic epizootics are rare. This contrasts strongly with the unbalanced destruction wrought by A. astaci in Europe, the history of which, described below, suggests strongly that A. astaci was introduced into Europe in the mid-nineteenth century, presumably on infected, North American carrier crayfish.
In modern times, the most popular American crayfish species for culture in Europe has been the signal crayfish (Pacifastacus leniusculus), which Unestam and Weiss have shown to be infected in its native environment (56), and which Persson and Soderhäll have demonstrated to be a resistant carrier of crayfish plague (30) . P. leniusculus, however, was not introduced into Europe until the mid-twentieth century, in a bid to replace populations of A. astacus destroyed by crayfish plague. Thus, although it has been shown to be a vector in recent crayfish plague epizootics in Europe (3), the signal crayfish was clearly not associated with the original introduction of crayfish plague more than 120 years ago. Another North American crayfish, Orconectes limosus, had certainly been introduced into Europe by 1890 (58), but this was some time after the first indisputable outbreaks of the disease. The rainbow trout {Oncorhynchus mykiss), another North American species introduced for aquaculture, may be a potential carrier of crayfish plague (1, 16), but was not introduced into Europe before 1879, a few years after the first cases of crayfish plague occurred. Some more recent outbreaks, such as those in Spain, may be related to the introduction of another North American crayfish, the Louisiana swamp crayfish (Procambarus clarckii), which is now extensively naturalised in Spain.
The spreading chain of crayfish plague mortalities, which continues across Europe to this day, can be traced back to the Plateau de Langres between Morvan and Lorraine in France, in 1874. There is, however, an earlier discrete series of crayfish mortalities which may also have been due to crayfish plague. These took place in Lombardy, northern Italy, and began in the summer of 1859, although earlier mortalities in the Sarnico region of Italy may also be related (8) .
In the summer of 1859, crayfish began to die in numbers in Lombardy (Fig. 2) , and the affected area spread eastwards towards the Veneto, reaching Gambara, Isocella and Verona in September and the provinces of Veronese and Trevigiano by December (8) . In 1860, mortalities were reported near Brescia. Further deaths were reported in rivers of the Verona region in the spring of 1861, including the river Benaco. East of the Adige, the waters of Zevio, Persacco, Palu, Valiese, Raldon, San Giovanni Lupatoto, Buttapietra, Oppeano, Upper Menago and the Bongiovanni were all affected, and in December 1861 the first dead crayfish were found in Lake Garda (23) . To the west of the Adige, the infection spread to Belfiore Diporcile and Bionde, among others, and appeared in the Upper Fibbilo, the Antanello and the Fossa Balbi, as well as spreading downstream from the Ferrazze de San Martino. The disease also appeared in the Dugal Fontaine, the Sarega, the Lower Tartoro and in the Cerea and Casaleone valleys (23) . By December of 1864, the disease had reached the source of the river Sile at Casacorba (26) . In February 1865, the infection spread further in the Sile and Botteniga catchments and then to the rivers Storga, Melma, Limbraga and Magnagola. By April of that year this disease had infected the rivers Musestre, Musestrelle, Pero, Valilo and other lesser waterways (26) .
So far, written reports of mortalities have been found only for streams on the north side of the Po, but at that date, before the unification of Italy, the river formed the boundary of Austrian territory. Political boundaries may thus have influenced any investigations or reports and therefore affected the apparent distribution of mortalities.
The severity, extent and rapidity of spread of the mortality indicates an infectious disease and the only known crayfish disease of such severity is crayfish plague. However, there is no hard evidence to support this hypothesis and this series of outbreaks is separate, physically and temporally, from the main chain of spread of crayfish plague in Europe. It was also suggested that these mortalities coincided with the widespread introduction of the use of copper sulphate into viticulture (11) . There have been no more crayfish plague mortalities reported from Italy, either in the Po Crayfish plague in France, Germany and Italy in 1877 valley or elsewhere, but the way in which the mortality spread, as reported by Ninni (26) , has all the characteristics of plague. Certainly, Schikora was convinced that the Italian mortalities were plague and reported that Italy had made major efforts to restock the rivers of Lombardy with crayfish 'shortly before her entry into the war' (presumably the First World War) (45) . It is of interest that Italy is the only western European country which has not apparently reported crayfish plague mortalities since 1900.
Although Seligo reported that there were crayfish mortalities in the river Spree in northern Germany in 1864, he did not believe that these were due to crayfish plague (46) . If we accept this view, then, the site of the first epizootic in Europe north of the Alps appears to have been in France on the Plateau de Langres between Morvan and Lorraine in 1874-5 ( Fig. 3) (33, 58) .
The Plateau de Langres is the central watershed between major rivers such as the Meuse, Seine and Rhine. Crayfish plague first appeared on this plateau in 1874. In the following three years, infection appeared at a large number of sites around the plateau, including the southern Nièvre and Jura departments, the northern Meurthe and the Moselle, and in tributaries of the Meuse, Rhine, Seine and Saône rivers (Fig. 4) . From this focus, a relentless spread of mortality began which has continued, with only temporary remissions, to this day.
In 1877, crayfish plague spread further into France, to the departments of Aisne, Aube, Haute-Marne and Vosges (to the river Vair) (5) In Germany, by March 1877, the plague had appeared near Strasbourg and in Alsace. In July and August, crayfish that had been brought from the river Hünsbruk and the Eifel to Mainz all died, suggesting that those source rivers were infected ( Fig.  7 ) (20) . In Hessen-Darmstadt and Baden, crayfish were first infected in the summer of 1878.
Further extensions in France in 1879 included the Coney in the Vosges, all tributaries of the Seine in the Aisne department and the river Thérain in the Oise department. To the east, in Germany, plague appeared in the Munich region in January and in September an outbreak started in upper Austria: at Gmunden on Lake Traun, in the Klambach at Grein and in the Krems, while mortalities were reported to be spreading along the upper Danube ( Fig. 7 ) (5).
In 1880, in southern Germany, crayfish died in the Altmühl and its tributaries, including the Wieseth and the Sulz, while in Belgium, Luxembourg and Alsace Lorraine, mortalities occurred in the rivers Moselle, Saar, Orne, Seille and Nied (46) .
The mortalities in the Danube spread downstream and into tributaries in the Kulpa region on what is now the Austrian-Slovenian border region (14) . All these outbreaks were associated with the original Plateau de Langres focus but, by the end of 1880,
The progress of crayfish plague in France, by department, from 1876 to 1890 mortalities were occurring in northern Germany (Fig. 8) , including the Rorsee, Thuringia, Mecklenburg and Saxony and the Brandenburg Mark (20, 25, 36, 37) , and had begun to spread up the Meitzel from the Oder (57).
The following year, 1881, infection reached up the Rhine into Switzerland at Berne. In southern Germany and upper Austria, in October and November, crayfish mortalities were reported from Wels and in the Eiterbach (35) , as well as from the Tauber and tributaries of the Main (46) . To the east, Franke reported further extensions in the Kulpa region, which advanced into the headwaters of these streams over the next three years ( Fig. 9 ) (14) . Once crayfish plague had established itself in northern Germany, more areas became affected ( Fig. 9) , with new outbreaks in the Bober in Silesia, in the Kuddow in the Oder region, in the Ferze and Schwarzwasser in the Weichsel region of western Prussia and at Angermunde in Brandenburg (44, 46) .
In 1893, the river Altmühl lost all crayfish (6), and there were further mortalities in the Kuddow. To the north, the Brahe of western Prussia was affected, as were the waters of the Kamonica, Zemplona, Widlgartenfluss, Weichsel and Mischkerfleiss (46) . The upland areas of the Glatz province of Silesia (now the Klodzko district of Poland) were invaded up the eastern Glatzer (now Neisse) (Fig. 9 ).
In what are now Slovenia and south Austria, between 1885 and 1890 ( Fig. 10) , half of the river Temnica was affected (14) , as was the Ljubljana region, and crayfish plague started a ten-year advance up the river Gurk and its tributaries. In western 
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Prussia, the Drewen, Ossa and Liebe were affected (46) , and the continuing spread of infection in the east led to mortalities in Lake Doubuzhis in north-eastern Latvia by 1886 (51).
The year 1890 saw further mortalities in Lake Drewenz and Lake Ewing in the Passer region of western Prussia. Over the next two years, major outbreaks of crayfish plague were reported in Russia (Fig. 11) , from the river Luga in the St Petersburg region, from the Volga and from the Lake Onega basin (7). In the 'rushing waters of the Volga' (to quote Schikora), crayfish plague covered 3,000 km to reach the Caspian Sea by the autumn of 1892 ( Fig. 11) (45) . The infections in the Danube spread downstream to reach the Black Sea, and devastated crayfish populations in the coastal provinces. As for the Danube tributaries, information is only available from the Kulpa region, where the infection had apparently spread through underground streams to the river Rinse. In western Prussia, the Masuren was infected, as were the waters around Shialaai in central Latvia (51) .
By 1893, in France, crayfish had completely disappeared from Lorraine. In the Kulpa region of the Balkans, the plague had spread to Atenmarkt. Crayfish plague continued to spread through Russia and the Baltic states on a grand scale. The Dniepr was infected down to the rapids at Yekaterinoslav (7), where the piles of dead crayfish produced such an unbearable smell that special efforts had to be made to bury them. In Latvia the lakes and rivers of the Niamunas (now Neman) and Niaris (now Vilnia) basins were affected, completely eradicating crayfish in the waters of Ssviachensk, Trakaisk, Utiansk, Birzhaisk and Varniaisk (Fig. 12) . This rapid spread of the disease in Latvia has been attributed to the introduction of infected crayfishing equipment from Germany (51) . By 1894 the further spread of the disease in the Baltic states brought infection to Kurland (now Courland) in southern Latvia, Livonia in northern Latvia and Estonia (40) . In Russia, crayfish plague spread to the river Kliasma, which was a tributary of the Volga, as was the Dvina (in the Vitebsk district), and also 
Crayfish plague in Europe in 1885
Already infected infected lakes in the Vladimir district ( Fig. 12) (7) . The destruction of crayfish in Russian lakes and rivers continued in 1895, with losses of stocks in the river Beresina (a tributary of the Dniepr), the Moscow river, the river Oka and lakes of the Suvalki district. In 1896, losses occurred in the Scheksna in the Jaroslav district in Russia, the Duna in Kurland and Embach in Livonia (7) . In northern Germany the lowland areas of the Glatz region were affected, twelve years after the first appearance of crayfish plague in the uplands.
FIG. 12

Crayfish plague in Europe in 1893
In 1897, crayfish plague was affecting the Tchernigov and Tver districts and lakes near Novgorod, in Russia. From the Volga, plague was also spreading through the Kama into the Urals, 'from where,' wrote Schikora, 'it was a small matter for it to reach the Ob via the Tura and there in Siberia to annihilate the easternmost crayfish colonies of the Russias' (Fig. 13) (45) . In Livonia the river Woo, and Lake Werro through which it flows, were contaminated (19) . During the next two years, crayfish plague reached the Poltava, Kharkov and Pskov districts of Russia (7) and the river Aa, a mortality which had evidently spread upstream from Latvia. In what are now the Baltic states, the river Dvina and Lake Peipus (from the Woo) had become infected (7, 19) . However, Tzukerzis reports that, after 1902, there were no new outbreaks
FIG. 13 Crayfish plague in Europe from 1897 to 1900
In 1903, Schikora, who was continuing his investigations, reported outbreaks from the Nariensee (western Germany) and Mecklenburg, and from Volhynia in Russia (42, 43) . In Bavaria, numerous outbreaks occurred including one in the river Aurach (49) . In 1904, in Germany, crayfish plague was identified in Zanahauser See. The following spring, it had spread from a new focus in the Neumark (south-east of the Oder and south of Pomerania, and now in Poland), to the Kloppsee and the Mucklenburger See.
Finland had first been infected in about 1900 (although few details have been traced). In 1907, the disease reached Sweden from Finland (Fig. 14) , when imported, infected crayfish were found to be moribund on arrival in Stockholm and were jettisoned into the harbour which lies at the entrance to the Malaren (4). Deaths began the next year, when the most productive crayfish waters of Sweden, the Malaren and Halmaren, were destroyed. By the end of 1908, all the crayfish in the Halmaren were dead. The disease had spread between the two lakes through the river Eskilstunaâ, in which the crayfish also died (4). Controls were imposed, which succeeded in confining in Latvia for some time (51) . In other infected regions, waters that had previously escaped crayfish plague became affected, including the Pansdorfer See in Silesia (Fig.  13) (43) .
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FIG. 14
Crayfish plague in Europe in 1907
Elsewhere, large mortalities occurred in the Ukermark region of Germany from 1912 to 1914 and from 1923 to 1925 (38, 39) , and in 1920, following a period of nearly twenty years in which there was little or no spread of the disease in Latvia, new outbreaks of crayfish plague were reported in Lake Obiala and Lake Dusia and in Lithuania (24, 51) .
A relaxation of controls in Sweden in the late 1920s resulted in crayfish deaths in 1928 in Lake Addar in Rosengen, in the lower reaches of the Dalev, and in the east and west Gothic ends of the Gota Canal, as well as in the majority of confluent lakes and streams (Fig. 15) (27) . The Tidern, Osan and Vikern lakes were also affected. In 1929, infection spread from the Gota Canal area to the river of Staang A and Lake Asund. Elsewhere in Sweden, crayfish deaths occurred in Nashulta Lake, in the Addarn in eastern Uppland, and in lakes and streams in western Ostergotland. Lake Erken, the most productive crayfish lake in Sweden, was devastated by crayfish plague in 1931. These mortalities led to major new studies by Nybelin, which resulted in the first isolation and culture of the pathogen (27, 28, 29) . crayfish plague in Sweden to the lakes and rivers of the Halmaren and Malaren systems (4) . During this period, however, infection spread steadily though these waters.
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FIG. 15
Crayfish plague in Europe in 1928
The outbreak of the Second World War reduced the number of easily traceable reports of crayfish plague, although at least one further outbreak was noted in 1943 in Latvia, in Lake Shvimiltis (51) . Mannsfeld reviewed earlier outbreaks in the Baltic states (22) , and the series of outbreaks in the Baltic region continued after the war, e.g. in Lakes Galstas and Zapsis in 1951, Lakes Ungris, Gavis, Shlavinas, Sutrinas and Shiakshtias in Latvia in 1960-63 and in Lake Spindzius and the Trakai district in Lithuania in 1967 (24) . However, in 1956, for the first time since crayfish plague had advanced into Sweden in 1907, a completely new area of Europe was infected. It was the Iberian peninsula ( Fig. 16) , where the first outbreaks appear to have occurred in the river Duero in the Valladolid region (10) . A further large mortality of crayfish occurred in Spain in 1965, in the river Ucero in the Soria district. This infection may have spread from Astacus leptodactylus that had been introduced from Germany, although Aphanomyces was never positively identified (10) .
A further and perhaps inevitable extension occurred in 1971 when crayfish plague was identified in Norway for the first time. It appeared in two rivers, both of which had their sources in Norway but then flowed across the border into Sweden (Fig. 16) . In the Vrangselven, infection was detected very close to the border in August (17) . It then spread upstream, despite attempts to prevent this by using electric fences (20, 21) . The river Veska was also affected.
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Crayfish plague in Europe from 1955 to 1970
The first positive identification of A. astaci in Spain was made in 1978 from crayfish from the river Riaza (Fig. 17) . The infection was believed to have originated from illegally imported A. leptodactylus.
Crayfish plague then spread to the river Guadiana in Ciudad Real and to other rivers in the region. Cuéllar and Coll record the continuing spread of the disease in Spain, throughout 1979 (10). In June it infected the rivers Cadagua and Bairax y Ayuga in Alava. In July and August, it spread to the rivers Ega, Cidacos, Araquil, Leitzaran, Elorza, Salazar and Erro y Larraín in Navarre; the Guadalaviar and Jiloca y Alfambra in Teruel, and the Pisuerga in Valdolidad. In August and September, Aphanomyces was identified in the Ebro and tributaries in Zaragoza, and in the Iregua in Logroño. Spanish crayfish mortalities continued in May 1980 in the rivers Júcar (Albacete province), Guadiana (in Ciudad Real) and Guadarrama (in Toledo). There were more deaths later in the Duero river (in Zamora), in Carrion (Valencia), in the Bernesga (Léon), and in Eresema and Esgueva. (Valladolid). Mortalities also occurred in the waters of the Omecillo and Ayuga (Álava), Ega, Cidacos and Erro (Navarre), Iregua (Logroño), Riaza and Duratón (Segovia), Riaza and Esgueva (Burgos), Jalón (Zaragoza) and in the Ucero (Soria).
Crayfish mortalities still continued to occur in the 'old' infected areas such as Finland, where Westman and Nylund reported on the spread of infection in the Pihlajavesi waterway, which provided a classic case study (59).
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FIG. 17
Crayfish plague in Europe in 1978
Further extensions of crayfish plague continued, with the first suspected crayfish plague mortalities in England being investigated in 1981 (Fig. 18) . The subsequent evolution of the infection in England and Wales is described in more detail below. The first outbreak of crayfish plague in Greece was detected in August 1982 (Fig. 18) (50) . It was initially observed in the river Kalamas, immediately adjacent to a site to which 1,000 juvenile Pacifastacus leniusculus, imported from a Swedish hatchery, had been introduced in July. In 1983 a further outbreak was noted in the nearby river Louros.
In late 1984, the fishers of Lake Civiril, 200 km east of Izmir in Turkey, reported abnormalities on crayfish caught in the lake, and in the 1985 season they were able to catch only 1% to 5% of the usual quantity of crayfish (32) . The fishers from this lake were left with the choice of surrendering newly bought crayfishing equipment or of moving to lakes with healthy stocks. Rahe reports that they clearly did both, so that, by late autumn 1985, two other lakes which were 100 km to the east were also showing signs of crayfish plague (32) . By the 1986 season the most important fishing lakes, Egridir, Sapanca, Manyas, Uluabat and Hirfanli, were found to be infected and the failure of catches showed that 80% of the Turkish crayfish stocks were already affected by the disease (Fig. 18) . The presence of crayfish processing plants on the most important lakes, Egridir and Uluabat, which together comprised 50% of production, was regarded as one major reason for the rapid spread of disease. Another
New outbreak Already infected
FIG. 18
Crayfish plague in Europe from 1980 to 1995 cause was the free movement of fishers between the lakes, and the use of wooden transport crates without any disinfection measures. The original route by which crayfish plague arrived in Turkey remained undetermined (32) .
Some of the crayfish populations of the midland lakes of Ireland formed a new focus of crayfish plague (Fig. 18) (34) . The route by which the infection reached Ireland could not be established, although infected angling equipment was suspected. No further spread of the disease in Ireland seems to have occurred so far.
In 1990, crayfish plague returned to Norway (Fig. 18 ). Although the infection had previously been found in two rivers that crossed the Swedish border, the plague had been contained and eliminated by disinfecting the rivers (18) . However, in 1990, the most extensive river system in Norway, the river Glomrna, became infected, so that simple and drastic disinfection was not a possible option.
This final invasion of Norway completes the long history of the spread of crayfish plague in Europe. In time, every country on the continent had become infected by A. astaci. Much of the information on crayfish plague, particularly in the period from 1880 to 1920, is accompanied by comments about the role played by commercial crayfish trappers and wholesalers in the spread of the disease. Scliikora discussed the role of commercial movements in some detail in his review entitled '50 years of
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Already infected crayfish plague' (45) . He was in no doubt that it was predominantly the wholesale crayfish trade which had taken crayfish plague from the original Plateau de Langres focus to Berlin in the north of Germany, and to Munich in the south, and then continued to import infected crayfish, both to stock waterways and to sell for food. The spread of plague eastwards from Germany has been attributed to the introduction of infected crayfishing equipment and the activities of mobile crayfish catchers in Russia, who moved from river to lake to river (7, 51) . Much the same thing appears to have occurred nearly 100 years later in Turkey, with exactly the same effect: a rapid and devastating spread of infection (32) .
Some German crayfish wholesalers had developed enough expertise to recognise infected stocks and to play a role in attempting to restrict the spread of infection (45) . Others were much less careful. The lack of sufficient disease-free stock to satisfy the German market caused a major problem. Without imports the wholesalers were unable to continue in business. Yet continued imports brought with them the certainty that some of the imported crayfish would be infected, and would continue to replenish infections in German waters. The economic returns for indiscriminate imports of crayfish were clearly attractive. Reports of illegal importations included cases in which crayfish were brought in in rucksacks or as hand luggage, and then 'sent on inland as postal packets as stocking crayfish' (45) . Parallels with modern illegal movements of coldwater ornamental fish can be drawn only too easily.
Several attempts were made to restock waters, sometimes with short-term success. Crayfish released into the Main were thriving in 1892 (41) . In contrast, the infection was still present in the Altmühl in 1893, where introduced animals died rapidly (6) . In 1894 in Lake Boethin, where crayfish had begun to repopulate naturally, a further mortality occurred (40) . Similarly in the Nürnberg area, in the river Selbe, a population which had re-established itself was again destroyed.
As mentioned above, Schikora reported that Italy had made 'energetic' attempts to restock the rivers of Lombardy (destroyed by crayfish plague in the 1860s) (45) . These attempts were halted by the First World War and by 'subsequent economic weakness'. The same author reported that a French 'Commission for the repopulation of the rivers in the ravaged areas' was established in the Rhineland, and had approached a Berlin wholesaler for 100,000 restocking crayfish. This request was refused, apparently partly for 'patriotic' reasons (the Saarland was occupied), and partly for commercial reasons. Whether disease-free crayfish could have been obtained in such numbers for such a purpose is uncertain.
In the mid-twentieth century, a new phase of commercial transfers of crayfish began, with the development of programmes to restock waters with crayfish (again), and to farm them. These new activities have involved the spread of the signal crayfish (P. leniusculus), and the swamp crayfish (Procambarus clarckii). The introduction of the signal crayfish has been strongly linked with several of the most recent spreads of infection, including Greece and Great Britain.
Crayfish plague in the British Isles
The first proven cases of crayfish plague in the British Isles date from the early 1980s, but there are suggestions from the beginning of the twentieth century that crayfish plague might have arrived in Britain towards the end of its initial spread through Europe. The recorded mortality appears to have started in about 1892, on the Thames at Staines, and spread upstream, resulting in 'the almost complete destruction of the crayfish ... under some of the most closely perforated banks they lay like a red fringe along the riverside under the water' (9). This description certainly sounds like the effects of crayfish plague and the mortality is described as being 'due to a disease'. However, the description of the way in which the crayfish died: 'the neat little fresh water lobsters turned almost as red as if they had been boiled, crawled out of their holes and died' (if correctly reported by Cornish, who appears to have been a careful observer), does not agree with what actually happens in an outbreak of crayfish plague. Possibly the crayfish plague mortalities that had been reported from much of Europe during the previous 20 years influenced the interpretation. Clearly, populations in the Thames valley re-established quickly, as later on, in the 1930s, there were other investigations into crayfish mortalities in Thames tributaries and streams in the vicinity of Oxford (12, 13) . This rapid re-establishment forms a clear contrast to the situation in European rivers where the plague had struck. From the limited published details available on the 1930s mortalities, the animals from the affected sites appear to have been infected with Thelohania contejeani, a widely distributed microsporidian parasite of crayfish which causes an illness known as porcelain disease. Porcelain disease does not produce mass or rapid mortalities.
A further search for crayfish plague in England was prompted by an enquiry from Australia for crayfish disease-infected animals for potential use as a biological control of crayfish in Australia (31) . In view of the already well-described and well-published, seventy-year history of crayfish plague disasters in Europe, one is driven to wonder at the attitude of those involved in this episode. Fortunately (in view of the established sensitivity of Australian crayfish to A. astaci), the investigators did not find any animals infected with crayfish plague and no attempt to obtain plague-infected animals from continental Europe seems to have been made.
The available evidence argues strongly against the occurrence of crayfish plague in the British Isles before the mid-1970s. Such evidence includes the lack of any description of a plague-like mortality in native crayfish stocks, in contrast to the 'torrent' of publications from continental Europe, plus the presence of good stocks of crayfish before 1980 in every watershed in England and Wales in which there were favourable environmental conditions. However, the question of whether crayfish plague has been in the United Kingdom since 1892 can never be answered conclusively. This is because it was never scientifically established that crayfish plague was present in these waters before the 1980s. Equally, the absence of crayfish plague -a negative -would be impossible to establish beyond all doubt. Nevertheless, it is clear that before 1980 the British Isles had good stocks of native crayfish, and from 1981 onwards, a series of outbreaks that have been proven to be crayfish plague has spread rapidly through England and Wales.
In general, crayfish have not formed a significant natural fishery in England or Wales. Thus, there has never been that same economic impetus that, in France, Germany and Russia, prompted the extensive movements of crayfish described above, which were clearly responsible for most, if not all, of the spread of crayfish plague in continental Europe.
The first significant introduction of exotic crayfish into the British Isles was of the signal crayfish (P. leniusculus) in the period from 1976 onwards. In Sweden, the signal crayfish is established as a carrier of crayfish plague, and in its native range in California it is subject to plague mortalities. Although the majority of stocks imported into the United Kingdom came from hatchery sources which took precautions against disease transmission, some, at least, are believed to have come directly from North America. As there were no checks on the health status of crayfish imports into the United Kingdom, the possibility that farmed signal crayfish introduced crayfish plague into the British Isles cannot be proven, although the proximity in timing between the introduction of signal crayfish farming in England and the commencement of plague outbreaks is clear.
It is also clear that there have been many introductions of signal crayfish into fish farms and 'crayfish farm' sites throughout England and Wales, and some of these have resulted in escapes to the wild, which have caused the establishment of naturalised populations.
In the majority of cases of crayfish plague outbreaks in England and Wales over the last twelve years, signal crayfish have been noted to be in close proximity to the infection site. Admittedly, the evidence for the presence of the signal crayfish has not always been firmly established. However, only in one or two cases is there no link with the possible proximity of signal crayfish. Apart from one case described later, it has not been possible to obtain samples of suspect signal crayfish, to confirm the carrier status of those populations. Signal crayfish from gravel pits near Ringwood, Dorset, have also been found to be carriers of crayfish plague (DJ. Alderman, unpublished findings).
Some naturalised populations of signal crayfish in England are evidently not carriers of plague, since they have co-existed in the same waters as native crayfish for more than five years, without any evidence of plague in the susceptible stock, e.g. in the By Brook and St. Catherine's Brook in Avon (M. Frayling, unpublished findings).
The first outbreaks of crayfish plague appear to have started more or less simultaneously in two river systems in southern England (Fig. 19) . In the summer of 1981, crayfish mortalities were reported from the river Lee at Ware Lock and in the Sherston branch of the Bristol Avon at Easton Grey. Both rivers had large populations of crayfish and the effects were dramatic with the river beds being strewn with dead crayfish. No crayfish survived downstream of the mortality sites and, in the following months, mortalities spread upstream from the confluences in tributaries such as the Tetbury Avon and the Rib and Beane. A. astaci was isolated in crayfish from these mortalities (2).
In the summer of 1983, further crayfish mortalities occurred in the Thames catchment area. The evidence of such crayfish mortalities is essentially ephemeral, since exoskeletal remains survive for only a few weeks, even at winter water temperatures. The disappearance of crayfish from the river Blackwater in Surrey in the summer of 1982 left no remains which could be investigated (Fig. 20) , but the mortality in the nearby river Wey in September 1983 was reported at a very early stage (Fig. 21) . Dead and dying animals were obtained and isolates of A. astaci were made, confirming that crayfish plague was responsible (2).
In March 1984, a mortality was reported from the upper reaches of the Hampshire Avon (Fig. 22) . It was confirmed to be crayfish plague and, in less than three weeks, no crayfish were left alive in the 40 miles (80 km) of river. More crayfish were dying as a band of mortality began to move up the major tributaries from their confluence with the Avon. The disappearance of crayfish from the river Kennet was completely unobserved at the time, being recognised only later that summer, and although the only 
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probable cause was plague, there is little proof. Similarly, by that stage, native crayfish were no longer to be found in the Dorset Frome and the Stour (Fig. 23) .
Plague was next confirmed to the west of London, in tributaries of the river Colne, including the Missbourne, in 1985, and then to the south-east, in the river Darenth, in 1986 (Fig. 24) . In 1987, a small stream (the Dowles Brook) in the Forest of Wyre, well away from the infected waters of southern England, was found to be contaminated (Fig. 25 ). An established population of signal crayfish was found in a pond within the infected area, which was itself within a nature reserve. This mortality effectively exposed any crayfish in the lower Severn watershed to crayfish plague.
No new cases were reported in 1988 or 1989, but 1990 produced major new extensions of crayfish plague. In the spring, several tributaries of the Bristol Avon, in which native crayfish had survived despite the infection of the main river since 1981, were affected. These included the By Brook to the north of the Avon, and the Somerset Frome and its tributary, the Mells river, to the south (Fig. 26) . Field investigations showed that the mortality in the river Mells had clearly started in the head-waters of the Mells, rather than extending upstream from the main river, Avon, since the animals in all parts of the river died simultaneously. Crayfish populations still survive in a few side streams (M. Frayling, personal communication). In the East Midlands, mortalities from the river Ise, which is a tributary of the river Nene, were confirmed to be crayfish plague in July 1990 (Fig. 26) , and in August the river Camlad, a tributary of the upper Severn, was found to be infected (Fig. 26) . In May 1990, reports of crayfish deaths in side streams of the river Wye in Herefordshire could not be confirmed, but samples collected from the river Arrow in September were proven to be crayfish plague (Fig. 26) . The mortality in the river Arrow appeared to have begun in the vicinity of a finfish farm, where signal crayfish (P. leniusculus) had been introduced, but no examination of these animals was made. Rumours of signal crayfish introduced into the vicinity of the river Camlad could not be confirmed. The remaining major tributary to the river Severn from the Welsh borders, the river Clun, also appears to have lost crayfish in 1992, though this went unrecorded (R. Gardner, personal communication), and a confirmed isolate was made from the Clun in 1995.
This spread of the disease in 1990 meant that all major crayfish-bearing river systems south of the Trent were infected by crayfish plague. A further major northwards extension is believed to have occurred in March 1991, when crayfish mortalities were reported below Buxton in the river Wye (Derbyshire). The following August, further mortalities were being reported in the main river Derwent, upstream of its confluence with the Buxton Wye (Fig. 27) . Unfortunately, no samples were collected, so that the cause of these mortalities remains unconfirmed, although further mortalities in side streams have occurred since.
In 1992, the upper Thames and some smaller southern river catchments still retained crayfish populations, but continuing erosion of these surviving populations is to be expected, as occurred in northern Europe during the 1930s and 1940s (40) . An example of this erosion happened in January 1992, when the small Thames tributary catchment of the High Wycombe Wye and Wycombe Dyke was infected (Fig. 28) .
The steady spread of crayfish plague in crayfish populations in England and Wales from 1980 onwards can often, in one way or another, be associated with the introduction of signal crayfish (P. leniusculus) into the immediate area for crayfish farming. It has not been possible to examine these farm populations, which must be suspected to be carriers of the infection. However, when a commercial stock of signal (3) . Clearly, therefore, at least some stocks of farmed signal crayfish in Great Britain are infected with crayfish plague. The spread of crayfish plague in England and Wales during the last fifteen years would seem to be clearly associated with the commercial introduction and movement of infected, disease-resistant, carrier crayfish -rather than as a result of the movement of infected, susceptible crayfish to restock waterways and sell for food, and of contaminated crayfishing equipment, as occurred throughout continental Europe more than a century earlier.
CONCLUSION
The histories of both crayfish plague and gaffkaemia clearly show the hazards of commercial movements of aquatic organisms where disease is concerned. The results, however, have been somewhat different. Crayfish plague has spread remorselessly across Europe over a period of more than 130 years to infect every country, presumably as a result of limited early introductions of exotic crayfish, and replenished by further introductions of other exotic crayfish species many years later. The initial introductions were perhaps made possible by the arrival of steamships on the North Atlantic crossing, enabling the transfer of small numbers of crayfish. Once the disease was established in European waters, the normal processes of trading in crayfish for food and for stocking purposes, plus the movement of crayfish trapping equipment from one area to another, produced an inevitable consequence for the populations of susceptible crayfish in Europe. This process may be clearly contrasted with the progress of gaffkaemia. Imports of American lobsters, at least in any significant quantities, did not occur until the age of jet aircraft, which could transport such high-value, perishable cargoes economically. Large tonnages of potential carriers of gaffkaemia have been imported repeatedly, and yet these have, so far, resulted in relatively only a few outbreaks of clinical disease. Moreover, there is, as yet, no conclusive evidence that gaffkaemia has become permanently established in European lobster stocks. 
